The realization of white-light sources with a combination of high color rendering index (CRI), which is the average of the first eight rendering indices, and the deep-red color rendering R9 is an important challenge in the field of solid-state lighting. Herein, we report on a pure white hybrid light-emitting device combining a deep-blue emission from a polymer with blue, green, and red emissions from ternary CdSe/ZnS quantum dots. By carefully designing the device structure and tuning the ratio of QDs with different sizes, high CRI of 94 and R9 of 92 at 525 cd/ m 2 were achieved. © 2010 Optical Society of America OCIS codes: 160.4236, 230.3670, 250.5230, 260.3800. In the field of lighting, an important figure of merit is represented by the color rendering index (CRI). This parameter is one of the key criteria for judging the quality of an artificial lighting system. The score for perfect color rendering is 100. CRI is typically given as R a , which is the average of only the first eight rendering indices. The ninth rendering index R9 in particular is critical for deep-red rendering and is important in biomedical applications [1] . A combination of high CRI and the R9 is very interesting for commercial applications. Despite the rapid improvement of the efficiency of white organic light-emitting devices (LEDs) [2] [3] [4] [5] , devices with CRIϾ 90 have been rarely reported [6] because of the difficult realization of the fine tuning of color emission in organic compounds, which is very important for achieving high CRI. On the other hand, hybrid LEDs [7-13] based on organic materials and colloidal quantum dots (QDs) are theoretically advantageous for white-light generation due to the easy color modulation by simply tuning the size of the QDs [14] . To our knowledge, white hybrid LEDs with CRIϾ 90 have not been reported so far. We believe this is mainly because of the difficulty in the synthesis of deep-blue emitting QDs. In this Letter, we demonstrate that by combining deep-blue emission from poly[N , NЈ-bis(4-butylphenyl)-N , NЈ-bis(phenyl)benzidine] (poly-TPD) [15] with blue, green, and red emissions from ternary QDs, high CRI of 94 and R9 of 92 can be achieved in the hybrid LED with proper device structure and optimized ratio of blue, green, and red emitting QDs. The obtained result is in good agreement with theoretical calculation that predicts a maximum CRI of 96 for this hybrid system.
In the field of lighting, an important figure of merit is represented by the color rendering index (CRI). This parameter is one of the key criteria for judging the quality of an artificial lighting system. The score for perfect color rendering is 100. CRI is typically given as R a , which is the average of only the first eight rendering indices. The ninth rendering index R9 in particular is critical for deep-red rendering and is important in biomedical applications [1] . A combination of high CRI and the R9 is very interesting for commercial applications. Despite the rapid improvement of the efficiency of white organic light-emitting devices (LEDs) [2] [3] [4] [5] , devices with CRIϾ 90 have been rarely reported [6] because of the difficult realization of the fine tuning of color emission in organic compounds, which is very important for achieving high CRI. On the other hand, hybrid LEDs [7] [8] [9] [10] [11] [12] [13] based on organic materials and colloidal quantum dots (QDs) are theoretically advantageous for white-light generation due to the easy color modulation by simply tuning the size of the QDs [14] . The fabrication and characterization details have been described in our previous papers [8, 11, 13] .
Normalized electroluminescent (EL) spectrum of Alq 3 device at 10 V is shown as a red dashed line in 1(b) . Three main emission peaks at 500, 550, and 620 nm are clearly observed. Comparing with Fig.  1(a) , which shows the photoluminescent (PL) spectra ͑ ex = 420 nm͒ of blue, green, and red QDs, we can conclude that the peaks at 550 and 620 nm come from the emissions of green and red QDs, respectively, while the peak at 500 nm redshifts about 10 nm relatively to PL of blue QDs, as indicated by the dotted-dashed line. The CRI of this device at high luminance is lower than 60 (see Table 1 ) due to the lack of deep-blue emission. By replacing Alq 3 by TPBI as ETL, the CRI is dramatically improved to 94 at 10 V (see Table 2 ). This improvement can be explained by EL spectrum of TPBI device shown as a black solid line in Fig. 1(b) . Compared to Alq 3 device, an additional emission peak appears in the deep-blue region from poly-TPD [9] , while the emission peak at 490 nm is identical to PL of blue QDs. By combining this deep-blue emission from poly-TPD with blue, green, and red emissions from ternary QDs, a broad EL emission covering almost the full visible spectrum is obtained, which consequently leads to a high CRI. To explain the different EL spectra of Alq 3 and TPBI devices, an EL diagram is proposed according to literatures [15] [16] [17] [18] and shown in Fig. 2 . In Alq 3 device, excitons formed in CBP layer tend to diffuse into Alq 3 layer, because its bandgap is narrower than that of poly-TPD or CBP. Although excitons are mainly trapped in QDs, some of them can eventually reach the Alq 3 layer, especially those formed at the Alq 3 / CBP interface. In the Alq 3 layer, some of them transfer their energy to the low-energy QDs and enhance their intensity [11] , while the others radiatively recombine in Alq 3 molecules. The overlap of emissions from Alq 3 (at 520 nm) and blue QDs causes the EL peak at 500 nm. In TPBI device, on the other hand, because of the wider bandgap of TPBI, excitons tend to diffuse to poly-TPD layer, who has the narrowest bandgap in this device. Therefore, similar to the processes in Alq 3 device, some excitons recombine in poly-TPD layer resulting in the deep-blue emission, while the others transfer energy to QDs. In hybrid LEDs, besides the direct charge injection, energy transfers occur from organic materials to QDs [11] and from high-energy to lower-energy QDs [19, 20] . Since these energy transfers enhance the emissions of low-energy QDs, especially the red ones, high blue-QD concentration is necessary to achieve balanced white emission. We found that the optimal molar ratio for blue:green:red QDs is 38:5:2 in our case. As comparison, chromaticity properties of TPBI devices with various QD ratios at 10 V are also listed in Table 3 .
In Fig. 1 , we also show the spectrum corresponding to the maximum CRI value (96) achievable with this hybrid system. This spectrum was obtained by a three-dimensional optimization, considering all the possible EL spectra obtained by a linear combination of the individual EL spectra intensities ͑I͒ of poly-TPD and QDs. The final spectrum is given by where the c i represents the relative intensity of QDs respect to the poly-TPD. The CRI value for each I͑c 1 , c 2 , c 3 ; ͒ spectrum has been computed by the emissive thin-film optics simulator (ETFOS) [21] . As shown Fig. 1 , our experimental spectrum at 10V is in good agreement with the theoretical optimum one.
The characteristics of luminance ͑L͒ and luminous efficiency (LE) versus driving voltage ͑V͒ of both TPBI and Alq 3 devices are plotted in Fig. 3(a) , while the curves of current density ͑J͒ and power efficiency (PE) versus V are described in Fig. 3(b) . Since Alq 3 and poly-TPD are both involved in the emissions of the corresponding devices, as discussed previously, and the efficiency of former is higher than the latter, external quantum efficiency (EQE) of Alq 3 device is higher than that of TPBI device (see Tables 1 and 2) , resulting in higher L and LE. Therefore, PE of Alq 3 device is also higher considering the similar J-V curves shown in Fig. 3(b) . Furthermore, imbalanced charge injection to QDs and the resulting exciton recombination via Auger mechanism might be another reason for the lower efficiency of TPBI device [18] . The measured maximum CRI of 94 in TPBI device is much higher because of the absence of the deep-blue emission in Alq 3 device. In summary, we demonstrated a greenish white hybrid LED with a maximum EQE of 0.96% and a maximum PE of 1.6 lm/W using ternary QDs doped CBP as an EML, Alq 3 as an ETL, and poly-TPD as an hole-transporting layer. When Alq 3 was replaced by TPBI, strong deep-blue emission from poly-TPD was observed due to the wide bandgap of TPBI. By combining this deep-blue emission with the emissions of ternary QDs, a pure white LED with Internationale De L'Eclairage (CIE) coordinates of (0.35, 0.35), CRI of 94, and R9 of 92 at 525 cd/ m 2 was realized.
